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Abstract: Al:ZnO layers, with low and high Al content, -0.2% cat. and 
2.1% cat. respectively-, have been prepared using the RF magnetron 
sputtering technique. Noticeable differences in the optical and 
electrical properties have been detected in these films. With doping, the 
resistivity decreases and the band-gap increases. The alterations in the 
films crystalline structure are explained in terms of the nanostructural 
changes induced by Al substitutional doping, such as a higher 
concentration of edge dislocation defects and a higher rotation of 
crystalline nanodomains in the plane of the films (normal to the 
preferential orientation c-axis) for the high content Al:ZnO layer. A 
complete description of such effects has been accomplished using several 
characterization techniques, such as X-ray diffraction, Raman 
spectroscopy and transmission electron microscopy. The combination of 
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doping, all the films retain the characteristic growth habit along c axis, as it is 
evidenced in XRD patterns, Raman spectra and TEM cross-section images. The XRD 
technique has demonstrated that Al atoms are included as substitutional dopants in 
these sputtered ZnO layers, as it is confirmed by the reduction of both, a and c 
parameters. HRTEM planar-view images show very crystalline and ordered 
nanodomains for both samples although crystal sizes are different. 
For the low-Al:ZnO sample, the 002 reflection FWHM is comparable to that of undoped 
ZnO, while it increases for the high-Al:ZnO sample. That would indicate that crystalline 
quality along the growth direction, c axis, is maintained for low Al doping, but it gets 
worse as Al content in the layer increases. Accordingly, the worsening of the layer 
crystallinity along c axis, as the amount of dopant in the layer increases, is the origin of 
the A1(TO) mode, forbidden in backscattering for a perfect ZnO crystal. This mode 
int nsity is enhanced in the high-Al:ZnO sample as compared to the low-Al:Z O 
sample. The nanostructural origin of these macroscopic differences could originate on 
the higher concentra ion of edge di location defects observed for th  high-Al:Z O in 
TEM cross-section images. 
Concerning the 002 reflection rocking curve FWHM, it shows a clear increase with 
doping, which suggests a marked crystallite misorientation in the ab plane for the high-
Al:ZnO sample. This fact is compatible with a higher rotation of the crystallites in the 
ab plane, as it is evident in TEM planar view images seem to suggest for the high-
Al:ZnO sample, respect to the low-Al:ZnO one. 
The combination of the three techniques, XRD, Raman spectroscopy and TEM, has 
allowed to identify the nanostructural modifications that produce the changes 
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doping, all the films retain the characteristic growth habit along c axis, as it is 
evidenced in XRD patterns, Raman spectra and TEM cross-section images. The XRD 
technique has demonstrated that Al atoms are included as substitutional dopants in 
these sputtered ZnO layers, as it is confirmed by the reduction of both, a and c 
parameters. HRTEM planar-view images show very crystalline and ordered 
nanodomains for b th samples although crystal sizes are different. 
For the low-Al:ZnO sample, the 002 reflection FWHM is comparable to that of undoped 
ZnO, while it increases for the high-Al:ZnO sample. That would indicate that crystalline 
quality along the growth direction, c axis, is maintained for low Al doping, but it gets 
worse as Al content in the layer increases. Accordingly, the worsening of the layer 
crystallinity along c axis, as the amount of d pant in the layer increases, is the origin of 
the A1(TO) mode, forbidden in backscattering for a perfect ZnO crystal. This mode 
intensity is enhanced in the high-Al:ZnO sample as compared to the low-Al:ZnO 
sample. The nanostructural origin of these macroscopic differences could originate on 
the higher concentration of edge dislocation defects observed for the high-Al:ZnO in 
TEM cross-section images. 
Concerning the 002 reflection rocking curve FWHM, it shows a clear increase with 
doping, which suggests a marked crystallite misorientation in the ab plane for the high-
Al:ZnO sample. This fact is compatible with a higher rotation of the crystallites in the 
ab plane, as it is evident in TEM planar view images seem to suggest for the high-
Al:ZnO sample, respect to the low-Al:ZnO one. 
The combination of the three techniques, XRD, Raman spectroscopy and TEM, has 
allowed to identify the nanostructural modifications that produce the changes 
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Al:ZnO layers, with low and high Al content, 0.2% and 2.1% cat. respectively, have 
been prepared using the RF magnetron sputtering technique. Noticeable differences in 
the optical and electrical properties have been detected in these films. With doping, 
the resistivity decreases and the band-gap increases. The alterations in the films 
crystalline structure are explained in terms of the nanostructural changes induced by 
Al substitutional doping, such as a higher concentration of edge dislocation defects and 
a higher rotation of crystalline nanodomains in the plane of the films (normal to the 
preferential orientation c-axis) for the high content Al:ZnO layer. A complete 
description of such effects has been accomplished using several characterization 
techniques, such as X-ray diffraction, Raman spectroscopy and transmission electron 
microscopy. The combination of these techniques provides an exhaustive 
understanding of the films nanostructure. 
 







































































Transparent conducting oxides (TCO) are a very important constituent in many 
optoelectronic devices. Among the materials that can fulfil the requirements for its 
incorporation in such devices (high enough conductivity and transmittance values, 
lightweight, cheap and compatible with large-scale manufacturing methods), doped 
ZnO has already become a proved alternative to traditional TCOs, such as indium-tin 
oxide (ITO) [1, 2]. The evolution of electro-optical properties of ZnO layers after doping 
with IIIA elements has been recently reported by several authors [3]. Among these, Al 
is the most popular due to its abundance and low cost. However, there is a limitation 
in the improvement of those properties when increasing dopant concentration above a 
certain value. For example, there are evidences of film conductivity saturation for an Al 
dopant content 2% cat. – relative occupancy of Al in Zn sites- [4-6]. In that sense, Al-
doping effects on the ZnO layer structure at the nanometric scale, and on the 
electronic levels on the proximity of band edges are still an issue that deserves much 
attention from the scientific community. There are some works that have paid 
attention to the Al distribution in the ZnO layer [7], or to the changes induced by Al in 
the ZnO electronic structure [8]. However, there are still many open questions 
concerning structural defects and nanostructural changes induced by Al doping, 
waiting for a suitable and convincing answer. The significant role that lattice defects 
have on the ZnO electronic structure and therefore their electro-optical properties has 
been reviewed recently by Wang et al. [9]. 
In a previous work, we analysed the optical behavior of sputtered Al:ZnO layers using 
spectroscopic ellipsometry [6]. Growth parameters were adjusted in order to obtain a 
wide range of Al content in the layers. The final purpose was to establish a relationship 
between the Al dopant content and the optical properties. In that work two different 
layer surface morphologies were observed, according to Al dopant content. For the 
low-doping layers (< 2% cationic content), the Al doped ZnO film optical behavior was 
very similar to that observed for an undoped ZnO film, while marked differences were 
detected for the films whose Al content was higher than 2% cat. Accordingly, the films 
resistivity exhibited a U-shaped behavior with a minimum value for the 2% cat. content 




































































regime, opto-electronic properties are preserved or even improved with respect to the 
undoped ZnO, while the layer morphological characteristics are not much affected 
because of doping. In the high-Al content regime, a worsening of the electric 
conductivity is evident and noticeable changes affect layer morphology. 
The aim of this work is to carefully study the nanostructure of undoped and Al-doped 
ZnO thin films. For such purpose low- and high-Al content doped films have been 
prepared in order to correlate the differences observed in the morphology and opto-
electronic properties with structural changes induced by doping. The Al content in 
each film differs in one order of magnitude and the high-Al:ZnO film has just slightly 
surpassed the 2% cat. content. Special care has been taken to attain just 
substitutional doping in this layer. The attempts to grow films with a larger Al content 
(>2% cat) resulted in formation of Al-containing secondary phases, which impeded the 
control over the substitutional Al content, and affected the remaining Al:ZnO 
structure. Therefore, an Al-content of about 2% was considered the effective solubility 
limit in this work. Therefore, the high-Al:ZnO film could be considered in the frontier 
between both regimes described in the preceding paragraph. The intention was to 
preserve the optimum opto-electronic properties of the doped films, and also, to 
prevent any structural alteration that could be ascribed to the possible formation of 
spurious phases apart from Al:ZnO. 
Three different characterization techniques have been chosen in order to fully explore 
the structural alterations induced by doping in these ZnO layers. High resolution X-ray 
diffraction (HRXRD) is the basic tool that allows to achieve a full knowledge of the layer 
crystalline characteristics. On the other hand, by studying the lattice vibrations 
through Raman spectroscopy, we can extract valuable information concerning the 
symmetry, order, defects, chemical composition and bonding in the crystalline lattice. 
Finally, transmission electron microscopy (TEM) is very sensitive to local changes in the 
structure, facilitating thus the interpretation of the subtle effects that the existence of 
extended defects, or any other structural alteration due to the introduction of Al 
dopant in the ZnO structure, can produce. Therefore, it provides complementary 
information to the one obtained by the other structural characterization techniques, 





































































The ZnO and Al:ZnO films were deposited on p-type Si (001) and silica substrates by RF 
magnetron sputtering. Two types of ceramic targets from AJA International Inc. were 
employed simultaneously: ZnO (99.99%) and Al2O3 (99.9%). Dopant content was 
modulated by the power supplied to the Al2O3 target, 20 W (low-Al doping) and 55 W 
(high-Al doping), while for the ZnO target the power was always set to 150W. The 
working pressure into the vacuum chamber was maintained at 1.4 x 10-2 mbar with a 
high purity (5.0) Ar gas, regulated by a mass flow controller at 12 sccm. The substrate 
temperature was maintained constant at 300°C, and all the samples were deposited 
during 20 minutes, except for much thicker samples measured using Raman 
spectroscopy, that were deposited for 3 hours. Estimated thickness for these last films 
is between 600 and 700 nm [10]. 
Secondary neutral mass spectrometry (SNMS) has been used to determine the 
[Al]/[Zn] ratio by means of a INA-X, SPECS GmbH, in high frequency mode (HFM) by 
using Ar+ ions with a fairly low energy for sputtering (EAr+ = 200 eV). SEM images were 
acquired in a Helios Nanolab 650 dual beam SEM-FIB from FEI. The optical 
transmittance of the films grown onto quartz substrates was measured using a UV-vis 
spectrophotometer (Varian Cary 5000) in the wavelength range 250-2500 nm. The 
dielectric response of the layers was characterized in a Semilab GES-5E variable angle 
spectroscopic ellipsometer in the wavelength region from 233 to 1700 nm (photon 
energies of approximately 5.3 to 0.73 eV) at room temperature. A microspot 
configuration with a spot size of approximately 400 µm and an angular aperture of 
4.25 degrees was used. The incident and analyser angles have been set fixed at 75 
degrees. The resulting spectra were fitted with SEA software. A four points device has 
been used to measure the resistivity of the films. The setup consists in a Faraday 
isolation cage (Hewlett-Packard 16055), a Picoamperimeter/nanovoltmeter (Keithley 
181), a DC power supply and an analyser (Keithley 2400). 
The X-ray diffraction scans were carried out in a X’Pert Pro (from PANalytical) 
diffractometer with CuK radiation. Out-of-plane parameters and crystal domain 




































































 scans and rocking curves ( scans), while in-plane cell parameters were determined 
from grazing incidence and grazing diffracted geometry (in-plane diffraction).  
Raman spectra were measured with a Renishaw Ramascope 2000 system. A He-Ne 
laser (emission wavelength 632.8 nm) was used for excitation. Light was focused on 
the sample with a 100× microscope objective and collected in backscattering 
geometry. The probing depth (about 2 µm) was larger than the ZnO film thickness and 
therefore the Raman spectra contain also a large contribution from the substrate 
material. To reduce the disturbance from the latter, films for the Raman experiments 
were deposited on silica glass, which has a weaker and broader Raman spectrum than 
the silicon substrates used for the other samples. 
Plane-view and cross-sectional samples were prepared for the TEM study. Plane view 
samples were prepared by dimple-grinding with a Gatan 656 dimpler and ion-milling 
with a Fischione 1010 model. Cross-sectional samples were prepared using the Helios 
Nanolab 650 dual beam SEM-FIB from FEI. Both types of samples have been 
characterized by TEM using a JEOL 3000F transmission electron microscope with a 
field-emission gun, 300 kV acceleration voltage and with 0.17 nm point resolution for 
high resolution TEM (HRTEM). 
 
3. RESULTS 
A basic characterisation of the films, including optical and electrical behaviour, as well 
as a quantification of the dopant content along the film thickness, was first 
accomplished to ensure its suitability as potential TCOs. The main results are gathered 
in Table 1. Accordingly to SNMS experimental results, [Al]/[Zn] ratio differs by one 
order of magnitude between the less and the more doped films. 
The optical properties of the films have been studied through transmittance and 
spectroscopic ellipsometry measurements. Layers studied using these techniques were 
grown at the same time on different substrates: silica for the transmittance 
measurements and p-type silicon (100) for the ellipsometry analysis. Different 




































































films [10, 11]. The first technique allows to explore the films transparency in the visible 
range, which is a fundamental property in a TCO. For these samples, the transmittance 
values are over 85% along the whole visible range, reaching values of 87.5% (ZnO), 
85.5% (low-Al) and 88.0% (high-Al) at 555 nm (not shown). To obtain the band-gap by 
transmittance measurements, we have plotted (h)2 vs. h, where  is the 
absorbance calculated as [ln(1/transmittance)]/thickness, h the Planck constant 
(4.13×10-15 eV s-1) and  the frequency (speed of light/wavelength). Then, the 
intersection of the curves with the X-axis (slope of the curves) corresponds to the 
band-gap. Experimental band-gap values are 3.2(2) eV for the undoped and the low-Al 
doped ZnO films, while it reaches 3.5(2) eV for the high Al-doped ZnO film. 
Transmittance measurements have verified the effective band-gap enlargement due to 
substitutional doping caused by the filling of the states at the bottom of the 
conduction band (Burstein-Moss effect) [12]. However, the doping-induced stress on 
Al-ZnO films could be an additional reason for the blue-shift observed in the band-gap 
[13].  
The dependence of optical properties with doping in this type of Al:ZnO films has been 
recently studied using spectroscopic ellipsometry, with only one mathematical model 
being able to describe the dielectric function behavior along a wide wavelength region 
[6]. In the present work, the films optical response is also explained using such a 
model. As in the above mentioned work, there are noticeable differences in the 
complex refractive index between the undoped and the low-Al doped ZnO films on one 
hand, and the high-Al doped ZnO film, on the other hand (Figure 1). A clear Burstein-
Moss shift is observed in the absorption coefficient of the last sample, as compared to 
the undoped and the low-Al doped ZnO films. The refractive index main peak 
evidences an intensity decrease associated with a broadening increase, which can be 
explained by electrostatic screening due to free electrons excess in the high-Al doped 
film [12]. Our ellipsometry results agree with the band-gap displacement after Al-
doping observed for the transmittance measurements.  
The films resistivity has been measured using the Van der Pauw method on samples 
prepared onto silica substrates, in order to prevent substrate contribution to the film 




































































resistivity values has been detected, two orders of magnitude for the low-Al film and 
almost five orders for the high-Al film.  
 
Table 1: Electro-optical parameters of the three studied samples. 
 ZnO low-Al high-Al 
[Al]/[Zn] ratio  0.2 2.1 
% transmittance at 555 nm 87.5 85.5 88.0 
Band-gap (transmittance) (eV) 3.2(2) 3.2(2) 3.5(2) 
Band-gap (ellipsometry) (eV) 3.1(8) 3.2(2) 3.5(6) 
Resistivity (Ω×cm) 4.6(9)×102 5.8(8) 4.1(5)×10-3 
 
 
Figure 1: Complex refractive index of the ZnO 
and Al:ZnO films. Solid lines: refractive indexes; 
dashed-dot lines: absorption coefficients. 
 
The films surface morphology has been checked using SEM micrographs (Figure 2), 
demonstrating the changes induced in the high-Al content doped film. The undoped 
film surface (not shown here) appears very similar to that of the low-Al content doped 
film, showing a pinnacle shape termination of the columns arranged in the layer. The 
high-Al content film exhibits a different surface appearance, very similar to that shown 





































































Figure 2: left, SEM planar view corresponding to the low-Al content ZnO doped film; 
right, ibid for the high-Al content ZnO doped film. 
 
After this basic characterization, it can be concluded that, in spite of the very small Al 
amount in the low-Al:ZnO sample, layer conductivity gets improved by two orders of 
magnitude, demonstrating thus the important effects that n-doping is able to induce in 
these transparent oxides. The high-Al:ZnO sample is probably on the verge of the 
dopant efficiency in these layers. It keeps a good transmittance value and exhibits very 
high conductivity, but its surface morphology suggests it is on the vertex of the U-
shaped curve which relates resistivity vs. dopant content for these Al:ZnO layers [4-6]. 
 
3.1 HRXRD characterisation 
The undoped ZnO film served as a reference of the ZnO with wurzite structure. Figure 
3 shows the complete 2 scans for the three samples showing basically ZnO(00l) l = 2, 
4 and 6 reflections, along with intense Si substrate peaks. No trace of ZnAl2O4 spinel 
structure was observed. The appearance of only 00l peaks indicate the pure c-axis 
orientation of the films, as it has been observed repeatedly in some other doped ZnO 





































































Figure 3. X-ray diffraction 2 scan of the 
sputtered ZnO films with different Al content. 
The peaks indicated with an asterisk * 
correspond to a sample holder impurity and 
not to the sample. Curves corresponding to 
different samples have been vertically shifted 
for clarity. 
 
A zoom of the ZnO(002) area is depicted in Figure 4. It is clear from the position of the 
peaks that the incorporation of Al into the structure produces a shift towards higher 
angle, which corresponds to a subtle c-axis reduction from c = 5.2248±0.0005 Å in the 
undoped ZnO film, to c = 5.2205±0.0005 Å for the high-Al sample. Although this is a 
very small reduction of about -0.08%, it is still significant given the accuracy of the cell 
parameter determination by HRXRD. This cell parameter reduction is consistent with 
the expected trend due to the smaller size of the Al3+cations acting as substitutional 
dopants in the Zn2+ positions. Ionic radii for Al3+ and Zn2+, in tetrahedral coordination 
are r = 0.53 Å and r = 0.74 Å, respectively, (as extracted from crystal radii in [14] 





































































Figure 4. Detail of the 002 ZnO reflection for 
the three samples. Curves corresponding to 
different samples have been vertically shifted 
for clarity. 
 
The differences in the 002 ZnO reflection width in the 2 scan, as well as some other 
structural parameters, are gathered in Table 2. The 2 peak width is directly related to 
the crystal quality in the vertical direction, while the broadening of the rocking curve 
corresponds to the overall orientation distribution of the crystallites around the 
growth direction. The low-Al:ZnO sample does not seem too different from the 
undoped ZnO sample. This indicates that the crystal quality as well as the preferential 
orientation of the crystallites are preserved for small Al content. The 2 peak 
broadening shown in the high-Al sample indicates a larger distribution of cell 
parameter values along the growth direction. The concomitant broadening of the 
rocking curve ( scan at fixed 2) for the high-Al sample, about twice the value than 
for the undoped and low-Al samples, indicates a perturbation of the layer growth 







































































Table 2: Structural parameters deduced from 002, 100 and 110 reflections for the 
three studied samples. 
 ZnO low-Al high-Al 
[Al]/[Zn] ratio  0.2 % 2.1 % 
c-parameter (Å) 5.2248±0.0005 5.2233±0.0005 5.2205±0.0005 
FWHM 002 reflection (degrees) 0.336 0.326 0.393 
Rocking curve FWHM (degrees) 2.24 2.40 4.47 
a-parameter (Å) 100 reflection 3.2399±0.0005 3.2434±0.0005 3.2391±0.0005 
a-parameter (Å) 110 reflection 3.242±0.001 3.247±0.001 3.239±0.001 
 
In order to distinguish whether the observed c-parameter reduction for the high-
Al:ZnO layer is an effect of the substitutional Al, or it is due to a possible variation in 
the residual strain due to some microstructure changes, we carried out in-plane cell 
parameters determination by XRD using the in-plane geometry. In this geometry 
grazing incidence and diffracted beams (=0.5°) are used, and therefore only the 
planes which are strictly perpendicular to the film surface give rise to diffraction peaks. 
In this case, the most intense 100 and 110 reflections were analysed for the three 
different samples as depicted in Fig. 5. The corresponding cell parameters (Table 2) 
were extracted from the peak positions. The in-plane a-parameter was directly 
determined from the 100 and 110 reflections, assuming 
 









  for an 
hexagonal structure. In this case   
 
  






































































Figure 5. In-plane geometry 2 scans of 100 (left) and 110 (right) film 
reflections. Curves corresponding to different samples have been vertically 
shifted for clarity. 
 
Despite the large error in the cell parameter determination, inherent to the large peak 
broadening at the in-plane geometry, the a-parameter is reduced in the high-Al 
sample, as compared to the low-Al one. This implies, along with the observed 
reduction in c-parameter, that the overall cell volume becomes smaller. The presence 
of an in-plane biaxial strain induced by the different thermal expansion of film 
(2.49×10-6 K-1 and 4.26×10-6 K-1 at 300K and 700K, respectively [15]), and substrate 
(2.63×10-6 K-1 and 4.00×10-6 K-1 at 300K and 700K, respectively [16]) would have 
produced an opposite elastic response in out-of-plane and in-plane cell parameters, 
thus compensating for cell volume changes. Therefore, the cell volume reduction upon 
increasing Al target power is consistent with the incorporation of Al3+ in the Zn2+ sites 
of the ZnO wurzite structure, rather than to the relaxation of any residual strain 
produced during growth. 
 
3.2 Raman spectroscopy characterization 
The Raman spectra of the Al:ZnO films deposited on silica glass substrates are shown in 
Figure 6. For a perfect wurtzite crystal (space group of symmetry P63mc ≡ C6v
4, Z = 2) 




































































+ E1(LO) + 2 E2, where the LO-TO splitting of the polar modes has been considered [17]. 
The Raman peaks are labeled in Figure 6 with the assigned symmetry species. Because 
the films are much thinner than the depth resolution of the Raman microscope, the 
original spectra have an important signal from the substrate. Thus the spectrum of a 
bare substrate has been subtracted from the original spectra in order to get the 
spectra of the ZnO films alone.  
For the low-Al:ZnO sample, the strongest peaks correspond to the E2(low) and the 
E2(high) modes at 99 and 435 cm
−1, respectively. A weaker peak is observed at 
582cm−1. For Raman backscattering along the ZnO crystal c axis, the only modes 
allowed are the two E2 modes and the A1(LO) mode at 574 cm
−1 [17]. However, the 
latter mode is very weak in an undoped crystal [18]. Therefore, the most reliable 
explanation for the band at 582 cm−1 is that it is mostly due to the E1(LO) mode that, 
although forbidden in backscattering for a perfect crystal, is activated by the electric 
field at the surface of the ZnO nanocolumns [19]. The shoulder on the low energy side 
can be due to the A1(LO) mode [14], to the defect activated B1(high) mode [20], or to 
free carriers [21]. In any case the strength of the E2 modes relative to the TO modes 
confirms that the film is oriented with the c axis along the growth direction, in 
agreement with the XRD results. Several other peaks, much weaker than the ones 
discussed above, can be clearly seen in the spectrum. The peak at 378 cm−1 is the 
A1(TO) mode, which is forbidden in backscattering along the c axis, but can appear 
because of some deviation of the c axis of the nanocolumns with respect to the normal 
to the interface plane. The B1(low) phonon is Raman inactive in a perfect wurtzite 
crystal but becomes active after doping because of the impurity-induced breaking of 
translational symmetry [20]. The peak at 330 cm−1 has been attributed to E2(high)− 
E2(low) second order mode [22].  
For the high-Al:ZnO sample the Raman spectrum shows smeared out bands, indicating 
a larger disordering of the crystal lattice and the presence of free carriers. The A1(TO) 
peak becomes more intense, indicating a larger misorientation of the columns along 
the c axis. This conclusion is compatible with the XRD results, where the 002 reflection 
peak broadening for the high-Al:ZnO sample indicates a larger distribution of the c axis 




































































at around 500 cm−1. This band has tentatively been attributed to free carriers in highly 
Al doped ZnO [21]. In that sense, the Raman spectra are in accordance with the 
changes detected in the layer optical and electrical properties, when comparing 
resistivity and band-gap values of the high- and the low-Al:ZnO samples. 
 
Figure 6: Raman spectra for the Al:ZnO 
films grown on a silica glass substrate. The 
contribution from the silica substrate has 
been subtracted. Spectra have been 
vertically offset for clarity. Laser 
wavelength was 632.8 nm. 
 
3.3 TEM characterization 
TEM observation of the cross-section of low-Al:ZnO sample shows an Al:ZnO layer of 
prismatic crystals 60-70 nm long along the ZnO c-axis, see Fig. 7 top left. The Fast 
Fourier Transform (FFT) of the layer image is indexed as ZnO hexagonal structure and it 
shows that the layer is oriented along the [100] zone axis with the c axis perpendicular 
to the Si-ZnO interface, in concordance with XRD and Raman spectroscopy results 
(Inset in Fig. 7 top right). However, the crystal boundaries are not as well defined as in 
the case of pure ZnO sample [10], showing less crystalline habits. Therefore, it is not 




































































cross section, see Fig. 7 top right, shows the (0002) lattice planes running almost 
continuously parallel to the Si-ZnO interface. In well aligned crystals, a two dimensional 
image is observed thanks to the contribution of 01-10 reflections. Besides, in the same 
areas, a double periodicity along c* can be seen due to the weak 0001 reflections, see 
the FFT in Fig. 7 top left. These reflections are forbidden and appear due to the 
dynamical nature of electron scattering. When the crystal is slightly misaligned the 
conditions that allow the transfer of intensity to the forbidden reflections disappear, in 
such way, only the basic lattice fringes of the (0002) lattice planes are observed. Edge 
dislocation defects are common as it can be observed in the HRTEM image of Fig. 7 top 
right. The processed image of HRTEM image of Fig. 7, by filtering the 002 (ZnO) 
reflections to reconstruct the image, shows more clearly the dislocations (see Fig. 7 
bottom left). We have also added a blow up of one of the dislocations and shown the 
determination of the Burgers vector b = 1/2 cZnO (Fig. 7 bottom right). They are 
probably the origin that gives rise to the A1(TO) forbidden mode detected in the 






































































Figure 7. Top left: low magnification TEM image showing the low-Al:ZnO layer (center) 
and the Si layer (left). Top right: HRTEM image of the Si-ZnO interface oriented along 
the ZnO [100] zone axis. The silicon layer is on the left side, ZnO on the right side. Edge 
dislocations are indicated with white circumferences. Inserted is the FFT of the ZnO 
layer HRTEM image. An arrow is drawn to show that the 00l reflections row of the FFT 
is perpendicular to the interface and to the (001) lattice planes, also drawn in the 
HRTEM image. Bottom left: processed image from the HRTEM image filtered using the 
002 reflections. Bottom right: blow up of one dislocation showing the determination of 
the Burgers vector b= 1/2 cZnO. 
 
The TEM images of plane-view prepared samples are more useful to determine the 
particle size in the ab plane than the cross-section images, since they present very well 
defined and crystalline ZnO crystals, see Fig. 8 top. The ZnO crystallites range between 
5 and 10 nm in diameter. The crystals images are dominated by Moiré fringes due to 
the superposition of Si and ZnO lattice fringes. The selected area electron diffraction 
(SAED) patterns seem quite complicated, see Fig. 8 middle, but can be easily 
understood as produced by multiple diffraction phenomena between the silicon and 
the ZnO layers, see the schematic drawing of Fig. 8 bottom. The diffraction rings are 
produced by random oriented ZnO nanocrystallites. Only hk0 diffracted rings have 
been indexed so, although the ZnO crystallites are randomly rotated, they are all 
oriented with the c axis perpendicular to the ZnO-Si interface. In the same diagram the 
single crystal hk0 sharp diffraction maxima from silicon can also be observed. Each 
silicon diffraction maxima have been coloured in a different colour. Being the sample a 
plane view preparation, i.e., the sample has been thinned parallel to the Si-ZnO 




































































signals superimpose. Therefore, due to the dynamic nature of electron diffraction, 
electron beams scattered by the silicon layer cross the polycrystalline ZnO layer and 
diffract again. That phenomenon produces a set of diffraction rings around each silicon 
diffracted spot that have been coloured in the same colour as the original Si reflection 
in the scheme of Fig. 8 bottom. The superposition of the original silicon single crystal 
diffraction pattern, with the original ZnO polycrystalline pattern and the double-
diffraction rings around each silicon maxima, gives rise to the complicated pattern of 







































































Figure 8. Top, HRTEM image of a plane-view 
low-Al:ZnO sample showing nanodomains. 
Moiré fringes are due to the interaction 
between Si and ZnO lattice planes. Middle, 
SAED pattern of a plane view sample with 
colours added artificially. Bottom, simplified 
scheme of the diffraction pattern shown in 
middle figure. Each silicon diffraction 
maxima has a different colour and the 
diffraction rings generated from them by 
double diffraction are coloured in the same 
colour. 
 
Both the electron diffraction patterns and the TEM images suggest that the ZnO 
crystals are randomly oriented in the ab plane. However, when we study at higher 
magnification isolated ZnO crystals closer to the sample edge, without the silicon layer 
underneath, we obtain the image presented in Fig. 9 top, where three nanoparticles 
can be clearly distinguished. The FFTs corresponding to these three nanoparticles are 
presented in Fig. 9 bottom. All of the nanocrystallites are oriented along the [001] zone 
axis and the FFTs show that each particle is rotated respect to its neighbour particle. 
When doing SAED in the area shown in Fig. 8 top, many particles contributed to the 




































































statistically they are randomly distributed but oriented on the [001] zone axis, giving 
rise to the diffraction rings seen in Fig. 8 bottom. Each particle is rotated respect to its 
neighbour particle ca. ~10⁰, as HRTEM image and SAED patterns in Fig. 9 show. These 
values are similar to those reported by Kohl et al. [23]. This finding is in agreement 
with the similar values of the 002 reflection FWHM rocking curve obtained for the 
undoped and the low-Al:ZnO layer (Table 2). Notice as well that the grain borders do 




Figure 9: Top, HRTEM image of a plane view from low-
Al:ZnO nanocrystals at the edge of the hole made by ion-
beam thinning of the sample. Bottom, FFTs from the 
three ZnO nanocrystallites labelled as a, b and c, 
showing rotated [001] ZnO zone axis. 
 
The TEM study of the high-Al:ZnO sample presents some differences with the low-
Al:ZnO sample. The cross section preparation of this sample presents a layer of 




































































similar to the previous sample. In the ab plane it is more difficult to establish the ZnO 
particle size due to the lack of contrast of the crystallite edges. These crystallites seem 
to be even less prismatic than in the case of low-Al:ZnO films (Figure 7 top right). The 
HRTEM image show an amorphous layer of SiO2 in the ZnO-Si interface as it was 
already observed in previous works [10, 11]. Notice as well the big amount of edge 
dislocations with the same Burgers vector as in Fig. 7, i.e. b= 1/2 cZnO. The filtered 
image in Fig. 10 bottom allows to estimate that in this high-Al:ZnO sample, the amount 
of edge dislocations is much bigger than in the low-Al:ZnO sample. This image has 
been processed from the FFT of the HRTEM image, then filtering the 0002 and 000-2 
reflections and reconstructing the image with an inverse FFT. Now, with only the 
contribution of the 0002 reflections in the image, it is easier to see the edge 
dislocations which have been marked with red circumferences. This abundance of 
dislocations suggests the idea that the size of the crystallites observed by HRTEM (Fig. 
10 top) could be on the order of 2-3 nm in the ab plane. Besides, it is probably 
responsible of both, the 002 reflection FWHM increase (Table 2), and the enhanced 
intensity of the A1(TO) mode in the Raman spectrum (Figure 6), observed for the high-







































































Figure 10. Top, HRTEM image of Si-ZnO interface in 
a cross section of high-Al:ZnO sample. The silicon 
layer is on the left side, ZnO on the right side. 
Inserted is the ZnO layer FFT oriented along [100] 
zone axis. Besides, a great number of edge 
dislocations are observed in the ZnO layer. Bottom, 
processed image of the ZnO area of the HRTEM 
image. Edge dislocations have been marked with 
red circumferences. 
 
When the sample is observed perpendicular to the [001] ZnO direction, i.e., when we 
study plane-view preparations by TEM (Fig. 11 top), we see much bigger crystals than 
in the cross-section observations. The crystals range now between 20-30 nm, bigger 
than in the low-Al:ZnO sample. The HRTEM image is shown in Figure 11 middle, 
showing very good quality crystals, in contrast to what is suggested in the cross section 
image, with a high concentration of edge dislocation defects. In this HRTEM image this 
kind of defect is undetectable because its Burgers vector is along the c axis, and they 
are then invisible along the [001] direction. The crystallites very often share triple 
points and the grain boundaries are very well defined. Notice that now the grain 
boundaries present a very strong contrast, more intense that the observed in the low-




































































the bottom of the figure. These FFT´s show that each particle is clearly rotated around 
[001] direction respect to the nearest neighbour being ~ +9º the rotation of particle b 
respect to particle a and ~ -19º the rotation of particle c respect to particle a. In this 
case, rotation of the crystals seems to produce a large structural strain in the grain 
boundaries between the particles, giving rise to the strong contrast that we observe in 
the HRTEM images. This observation agrees with the XRD conclusions deduced from 
the 002 rocking curve FWHM widening for the high Al:ZnO sample. This, together with 
the high concentration of dislocation defects observed in the cross section image 
(Figure 10) confirms the average structural differences between the low-Al and high-Al 







































































Figure 11: Top Low magnification TEM image of a 
plane view preparation of the high-Al:ZnO sample. 
Middle, HRTEM image showing three ZnO 
nanocrystallites with a common triple point. Bottom, 
FFTs from the three ZnO nanocrystallites labelled as 




Al doped ZnO sputtered layers have been carefully analysed in order to explore the 
changes induced in the film microstructure after doping. The low-Al:ZnO sample 
optical properties are quite similar to that of the undoped material, while the electrical 
behaviour shows a reduction in the film resistivity. The high-Al:ZnO sample evidences 
noticeable changes in both resistivity and band-gap values, compatible with an excess 
of free carriers provoked by substitutional doping. This is also behind the broad signal 




































































doping, all the films retain the characteristic growth habit along c axis, as it is 
evidenced in XRD patterns, Raman spectra and TEM cross-section images. The XRD 
technique has demonstrated that Al atoms are included as substitutional dopants in 
these sputtered ZnO layers, as it is confirmed by the reduction of both, a and c 
parameters. HRTEM planar-view images show very crystalline and ordered 
nanodomains for both samples although crystal sizes are different. 
For the low-Al:ZnO sample, the 002 reflection FWHM is comparable to that of undoped 
ZnO, while it increases for the high-Al:ZnO sample. That would indicate that crystalline 
quality along the growth direction, c axis, is maintained for low Al doping, but it gets 
worse as Al content in the layer increases. Accordingly, the worsening of the layer 
crystallinity along c axis, as the amount of dopant in the layer increases, is the origin of 
the A1(TO) mode, forbidden in backscattering for a perfect ZnO crystal. This mode 
intensity is enhanced in the high-Al:ZnO sample as compared to the low-Al:ZnO 
sample. The nanostructural origin of these macroscopic differences could originate on 
the higher concentration of edge dislocation defects observed for the high-Al:ZnO in 
TEM cross-section images. 
Concerning the 002 reflection rocking curve FWHM, it shows a clear increase with 
doping, which suggests a marked crystallite misorientation in the ab plane for the high-
Al:ZnO sample.  
The combination of the three techniques, XRD, Raman spectroscopy and TEM, has 
allowed to identify the nanostructural modifications that produce the changes 
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